Abstract: This paper presents a novel type of deep foundation -an anchor foundation with root caissons, which improve the soil-caisson interaction using penetrating roots. A simplified analytical procedure is proposed for calculating responses of the new anchor foundation subjected to combined vertical, horizontal, and moment loadings. Caisson-soil interaction is simulated by a Winkler subgrade reaction model, with an improved Winkler spring constant to consider the reinforcement effect of roots. The method incorporates limiting soil stress to investigate soil nonlinear behavior and a transfer matrix to represent nonhomogeneous soils, with a passive caisson model accounting for group effects. The effectiveness of the present approach is evaluated by comparison with full-scale field load tests and a finite element analysis on a small-scale anchor foundation to give a preliminary design guideline for the Ma'anshan Yangtze River Bridge in China.
Introduction
An anchor foundation with root caissons is a novel type of deep foundation used for suspension bridges, where its mechanical behavior can be effectively improved at a small cost increase for material expenses. With prefabricated roots pushing into soils through reserved holes in an installed caisson, which is shown in Fig. 1 , the small-sized root caisson gives a better load-displacement performance than typical caissons or long piles. When compared with a typical caisson foundation, the small-sized root caisson reduces construction difficulties with respect to avoiding differential settlement and saves material volume. The detailed root caisson construction process is introduced below. First, the caisson is installed to a designed depth as a typical caisson, except that a polyethylene plate matching the size of the root is positioned at the location of root installation beforehand. During the caisson installation, the plate must resist lateral soil pressure and prevent water from seeping into the caisson. When penetrating a root, the plate must be easily smashed into small pieces with nothing left at the root tip, otherwise the penetrating process would be much more difficult due to an enlarged root tip. Second, after the caisson is installed, all prefabricated roots must be pushed into the soil by a hydraulic jack from the inside of the caisson, starting from the bottom of the caisson to the top. After root penetration, the end of the root is welded to the caisson and the inner ring concrete is cast to form the whole caisson. Using a combination of a common large caisson and long pile, the root caisson partly changes the load transfer mechanism along the caisson using penetrating roots and shows reinforced stiffness.
A pile is often analyzed as an elastic beam foundation with a Winkler reaction model due to its simplicity and reasonable accuracy, in which the soil-pile interaction is idealized as a series of independent springs at discrete locations. The linear soil-pile behavior is often assumed at low strain levels for vertically or laterally loaded piles based on appropriate principles of mechanics (Hetenyi 1946; Vesic 1961; Randolph and Wroth 1978) . Considerating the nonlinear soil spring to be dependent on strain simulates more closely the real pile-soil behavior, which is often semi-empirical in that the curves are based mainly on the results of field measurements on full-scale instrumented piles (Matlock 1970; Reese et al. 1974 ). Many works have provided valuable in-sight into the pile-soil interaction, such as modifying single soil spring stiffness to consider soil layering effects and the change in pile properties. Here, a few representative examples of theoretical studies on pile foundations are mentioned. Guo and Randolph (1998) presented deduced load-transfer factors for vertically loaded piles to account for the nonhomogeneous, elastic-plastic or viscoelastic soil. Ashour et al. (1998) adopted the strain wedge model to analyze a laterally loaded pile, relating an envisioned three-dimensional passive wedge to one-dimensional Winkler parameters. In fact, the Winkler model precludes the extension of the analysis to pile groups because the soil's continuum is replaced by discrete soil springs (Randolph and Wroth 1978) . P-multipliers have been experimentally derived from full-scale load tests or from tests in a centrifuge (Ooi et al. 2004; Rollins et al. 2005) . The modulus-multiplier approach based on three-dimensional finite element method analysis applies a modulus reduction factor to single lateral pile-soil springs to account for the group effect (Fan and Long 2006) . Both the p-multiplier method and the modulus-multiplier method belong to the group amplification factor method by modifying just the single pile-soil spring constant to consider the pile group effects. Based on the elastic continuum theory, hybrid methods are used to analyze closely spaced pile groups with an interaction factor and the superposition principle (Poulos and Davis 1980) , such as Mindlin's solution for laterally loaded piles (Lee 1991; Kitiyodom and Matsumoto 2003; Huang et al. 2009) , and the load transfer method for vertically loaded piles (Randolph and Wroth 1979; Mylonakis and Gazetas 1998) . When compared with the factor multiplier method, the assumption of the elastic soil continuum deviates from actual soil behavior, but it gives a really rational explanation of the mechanism of reduced stiffness of each pile in the pile group. Caissons are usually treated as perfectly rigid short piles and the root caissons introduced here adopt caisson construction techniques, but a root caisson should be treated as a flexible pile due to its slenderness ratio.
Although extensive theoretical approaches for analyzing deep foundations such as piles and caissons have been developed in recent years, the root caisson is a new type of foundation and few experimental or theoretical studies have been done on it. Research into the mechanism of root caissons is necessary to disseminate this knowledge in engineering practice.
In this paper, a simplified theoretical approach is presented to analyze the behavior of an anchor foundation with root caissons embedded in nonhomogeneous soils based on the Winkler model, which takes the reinforcing effect of roots into account. The accuracy and suitability of the analysis method are checked by comparison with in situ tests and finite element results, all of which give satisfactory results.
Method of analysis
The analysis procedure of such an anchor foundation is formulated for the following three phases: (i) behavior of a single root caisson, (ii) interaction between two root caissons, and (iii) responses of an anchor foundation with root caissons. As a simplified method, the coupled effect of vertical and lateral loads is ignored with no additional lateral deflection induced by the axial load, which implies that the axial and lateral responses of the root caissons can be analyzed separately. In conventional methods, the calculation of the caisson relies on a perfectly rigid short pile considering only the whole rigid displacement, which is an unreasonable prediction for the response of long caissons. The Winkler subgrade reaction model is adopted here, in which the caisson is modeled as an elastic beam and the soil is idealized as a series of independent springs relating caisson-soil pressures to local caisson displacements. The effect of nonhomogeneous soil conditions is incorporated by load transfer matrices and the consideration of nonlinear soil behavior is allowed by limiting soil pressures around the caisson. The reinforcement effect of the root on the vertical behavior of the caisson is estimated by considering the additional vertical soil resistance for the caisson at the side and base of the roots, and that to the lateral behavior is considered by both the increased moment inertia due to the presence of roots and the additional resisting bending moment of the root due to rotation of the caisson.
The particular structure of a root caisson demands the analysis of the single root caisson in two aspects: (i) typical caisson section without roots and (ii) caisson section with penetrating roots.
The schematic geometrical configuration of the root caisson is shown in Fig. 2 , where b is the width of a root, d 1 is the outer diameter of a typical section; d 2 is the inner diameter of a typical section; and l is the length of the root measured from the outer edge of the caisson to the tip of the root.
Analysis of a single root caisson

Axial response
The basic governing equilibrium equation of a vertical loaded caisson for the typical section is expressed as
where w is the vertical displacement (settlement) of the caisson, z is the depth of the caisson, t c is the shaft friction stress on the caisson-soil interface, E is the Young's modulus of the caisson, and A 1 is the cross-sectional area of the typical hollow caisson section (¼ ðp=4Þðd
. Based on the assumption that the shear stress around the caisson shaft decreases inversely with radius, a simplified load-transfer model (Randolph and Wroth 1978) relates the shear stress at the caisson wall to the vertical displacement as 
where a 1 and a 2 are integration constants determined from the boundary conditions, from which the axial force of the caisson along the shaft is obtained as
The penetrating roots change the vertical load-displacement mechanism of the caisson because the soil around the caisson supplies additional resistance for the caisson at the side and base of the roots. The vertical equilibrium of the caisson section with roots, which is shown in Fig. 3 , can be expressed as
where s is the vertical stress, t is the depth of a root, t g is soil shaft stress at the sides of roots, c g is the perimeter of the roots, m is the number of roots in cross section, and k b2 w is the force mobilized at the base of roots (where k b2 is the corresponding spring stiffness, the details of which are shown in eq.
[10]). If we combine pd 1 t c with t g c g , the stiffness of the distributed soil spring for the section with roots is expressed as
A 2 is the cross-sectional area of the caisson section with roots (= A 1 + A 3 ), and A 3 is the crosssectional area of the roots (= mlb).
The caisson base acts as a rigid punch on the surface of the lower layer of the soil (Randolph and Wroth 1978) , which gives the base spring constant, relating the force at the caisson base to the corresponding displacement, by the Boussinesq solution as
where E b is Young's modulus of the soil at the caisson base. The same model is applied to analyze the mobilized force at the root base and we take
where d 4 is the equivalent diameter satisfying ðp=4Þd 2 4 ¼ A 3 , and E r is Young's modulus of the soil at the root base.
The governing differential equation for the section with roots is then expressed as
As we divide the caisson into m' elements along the length of the caisson according to the section characteristic of the caisson and layered soil stratum, the vertical displacement and axial force at the top (subscript t) of the element, i.e., w t and N t , respectively, are related to those at the tip (subscript b) of the element, i.e., w b and N b , respectively, with the closed-form solution for governing differential equation, giving 
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where R i and h i are the corresponding transfer matrix andlength for element i, respectively; A i = A 1 and l i = l 1 for element in a typical section; and A i = A 2 and l i = l 2 for the element in the root section. Repeating eqs.
[5] and [6] for each element, while imposing the continuity of force and displacement at each interface, we relate the response at the base of the caisson to that at the head as
For a given force atop the caisson, N t , the caisson behavior at the bottom of any element can be calculated as
With further load applied to the caisson, limiting shaft friction stresses along the caisson may be mobilized for the yielding element, which then transfer load to the neighboring elastic element. As the limiting soil stress is introduced to consider the soil's nonlinear behavior, the analysis for the vertically loaded caisson has to be solved incrementally with an incremental transfer matrix, represented as
In each increment, the calculated shaft friction stress should be updated based on the limiting stress, and the sum of all incremental values is the approximate solution for the nonlinear analysis.
Lateral response
The basic governing equilibrium equation for the typical section of a lateral loaded caisson is
where I is the moment inertia of the typical section, y is the lateral displacement of a single caisson, and k x is the lateral Winkler subgrade reaction modulus relating the lateral force per unit length transferred from caisson to soil to the local deflection, in units of force/length 2 . Vesic (1961) analyzed an infinite horizontal beam in an elastic foundation and compared the results with those obtained by using the subgrade-reaction theory, which related the modulus of subgrade reaction, k x , to the elastic parameters E s and v s of the soil mass, in the following equation:
4 p , the governing equation is written as
, where a 3 , a 4 , a 5 , and a 6 are integration constants determined from the boundary conditions.
According to the principle of material mechanics, the rotation (q), shear force (H), and bending moment (M), of a single caisson are written as
As the caisson is discretized into elements along the depth in the same way as the vertical caisson, the lateral response of the caisson for any element i is taken as
where the subscript i denotes the element i, T i is the lateral transfer matrix for the typical section
p . The effect of roots on the lateral behavior of the caisson has two aspects: (i) the moment inertia of a caisson section with roots is enlarged by stretching roots, (ii) load-induced rotation brings additional resisting bending moments for the caisson, which are formed by pressures at the upside and downside of the corresponding roots.
The moment of inertia of the caisson section with roots is written as
where subscript j denotes root j in cross section, and I gj is the enlarged moment inertia for root j, i.e.
with a j being the angle between the long axis of the root and the direction of lateral load, as shown in Fig. 4 . As a simplified method, the thickness effects of roots are not taken into account in analyzing the additional bending moment of the roots due to rotation. As the root is treated as an horizontal beam, the vertical Winkler subgrade modulus at the position of the root for caisson element i is
where
The corresponding resisting bending moment for root j is
Then, the additional bending moment for a section due to the presence of roots shown in Fig. 5 is written as
where q i is the rotational stiffness, i.e.,
The second effect for the caisson due to the presence of roots for element i is treated as a discontinuity of moment at the interface of element i and i+1, which is expressed as Special attention should be given that the above moment of inertia is related to the transfer matrix for the element with roots.
Using a similar analysis approach for the vertical loaded caisson, in which the base acts as a rigid punch on the surface of the lower layer of the soil, the lateral stiffness and rotational stiffness of the caisson base are the corresponding parameters in
where K b is the corresponding spring stiffness of the caisson base, can be expressed as
For m' elements of the caisson, while imposing the corresponding continuity and jumped variable at each element interface, the response at the base of the caisson relates to that at the top as follows:
is the lateral transfer matrix for element i, T where each hybrid matrix is a 2 Â 2 matrix. The flexibility matrix, f s , which is the parameter in
The horizontal displacement, rotation, shear force, and moment of the caisson at the top of any element are
where I is a unit matrix (2 Â 2). It is well known that the relationship between the load and deflection of a laterally loaded caisson is nonlinear, because soils at the top of caisson are likely to yield at relatively low loads. As the load increases, the yielding elements with limiting lateral soil stresses transfer the load to nearby elements in an elastic state. The incremental expression for the nonlinear load-deformation relationship can then be expressed as 
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For personal use only. An incremental numerical procedure is used to calculate the lateral behavior of the root caisson, in which the lateral soil stress is updated at every increment by comparing with the limiting value.
Interaction between two caissons
A finite difference solution procedure proposed by the authors (Huang et al. 2009 ) is employed to analyze the interaction of two loaded caissons. The relevant steps are introduced here briefly.
Two identical, equally loaded caissons i and j are considered. The various interaction factors to describe the interaction between two caissons are as follows: where w i (0) is the additional settlement atop the free-headed caisson i caused by nearby caisson j subjected to vertical load only; w j (0) is the settlement atop the free-headed caisson j subjected to vertical load only; y Hi (0) and q Hi (0) are the additional deflection and rotation, respectively, atop the free-headed caisson i caused by nearby caisson j subjected to horizontal force only; y Hj (0) and q Hj (0) are the deflection and rotation, respectively, atop the free-headed caisson j subjected to horizontal force only; y Mi (0) and q Mi (0) are the additional deflection and rotation, respectively, atop the free-headed caisson i caused by nearby caisson j subjected to moment only; y Mj (0) and q Mj (0) are the deflection and rotation, respectively, atop the free-headed caisson j subjected to moment only. As the presence of roots is a minor influence factor in the analysis of interaction between two caissons, a typical caisson with an elastic Winkler subgrade model is adopted here. Applying the finite difference method, the solution of the vertical and lateral governing differential equations for the loaded typical caisson gives the values of w j (0), y Hj (0), q Hj (0), y Mj (0), and q Mj (0).
The displacement field around the loaded caisson will induce additional deflection and force on the neighboring unloaded caisson (passive caisson). In a conventional analysis, the assumption that the unloaded caisson follows exactly the free-field displacement at the position of the caisson gives a higher estimation for interaction factors. With the concept of the passive caisson model, the governing equation for the unloaded caisson i is written as ple of superposition, the lateral attenuation factor is obtained, the details of which are shown in Huang et al. 
Anchor foundation with root caisson
In the case of an anchor foundation with root caissons subjected to vertical, horizontal, and moment loadings, it is assumed that a rigid off-ground cap rigidly attaches to the caissons, in which the rotation and deflection of all caissons are equal and the settlement of a caisson is related to its position in the group and the value of cap's rotation. The resulting equations for the vertical displacement, lateral displacement and rotation, along with the force equilibrium requirement for the rigid cap with n caissons, may be written conveniently in a matrix form, as follows: 
Verification by comparison with full-scale tests and finite element analysis
The following is a case study concerning the anchor foundation for a suspension bridge in China: the Ma'anshan Yangtze River Bridge located in the Yangtze delta. A series of full-scale caisson load tests were carried out, allowing identification of fundamental aspects of the problem that are important in the understanding of the behavior of root caissons in soft clay and hence, to fine-tune the design scheme for the anchor foundation.
A simplified soil stratigraphy for the test site, which is also the site of the south anchorage foundation, is shown in Fig. 6 and corresponding soil properties are shown in Table 1. Evaluations of basic soil properties were obtained from standard laboratory tests based on in situ soil samples. The limiting axial pile-soil stresses were supplied by cone penetration test (CPT) data and the limiting lateral pile-soil stresses were calculated based on Rankine's passive earth pressure. The soil at the test site is soft clay for the top 11 m, underlain by silt at the depth of 11-23.4 m and then fine to medium sand at the depth of 22.4-38.5 m. A series of five field tests were undertaken, of which tests 1 and 2 were the vertical and lateral static load tests, respectively, for a single large-sized root caisson; and tests 3, 4, and 5 were the lateral static load tests for the small-scale anchor foundations with one, three, and six small-sized root caisson, respectively. A plan view of the test caisson group is shown in Table 2 .
For Tests 1 and 2, the caisson was 39 m in length and 6 m in diameter (d 1 ), of which the schematic detail is shown in Fig. 7 . The vertical static load tests were conducted using the Osterberg load cell method. In the lateral static load tests, two caissons were loaded by lateral jacking devices placed between them and the applied lateral load was measured as the jacking force. The settlement and deflection of the caisson were measured with electronic displacement gauges located on the caisson top. It should be noted that the conical root was fabricated with a sharp tip to facilitate the penetrating process. As a simplified method, the effects of dimensional varieties of roots are ignored in the analysis. The whole caisson was divided into 39 elements based on soil layer characteristics and the locations of the roots.
To interpret the effects of roots on the stiffness improvement of the caisson, comparisons of vertical and lateral load-displacement curves between the root caisson and simple caissons with diameters d 1 and d 1 + 2l are shown, respectively, in Figs. 8a and 8b. It is found that the result for the vertical behavior of the root caisson does not lie between the curves for the two simple caissons. The vertical stiffness of the root caisson is higher than that of the simple caisson with diameter d 1 due to additional base resistance provided by the roots. When compared with the simple caisson with diameter d 1 + 2l, the higher vertical stiffness of the root caisson proves that the root is more effective for improving vertical stiffness than increasing the diameter of the simple caisson. However, the simple caisson with diameter d 1 + 2l indeed provides a higher ultimate vertical resistance as the additional base resistance supplied by roots around the caisson reaches yielding state. As shown in Fig. 8b , the lateral response of the root caisson lies between those of the two simple caissons, which shows that additional lateral resistance supplied by the roots is not as significant as the effect of enlarged bending moment with diameter d 1 + 2l.
A comparison of the measured load-displacement curve with the calculated profiles for the single caisson using the present method as well as the finite element method (FEM) is shown in Fig. 9 . Figure 10 illustrates the finite element (FE) discretization of the caisson and the soil, represented by eight-noded hexahedron solid elements. Due to the symmetry of the geometry and loading, the mesh was simplified by modeling half of the entire system. A Mohr-Coulomb elastic -perfectly plastic constitutive model was used for the soil and the caisson was modeled as a linear elastic material, with model parameters given in Table 1 . It can be seen that the nonlinear analysis for the root caisson gives a fairly good calculation, while the elastic solution shows a significant underestimation especially for large load values. Figure 9a shows a sudden increase in the measured settlement in the last stage of loading; however, it is not obvious in the corresponding calculations. The possible reason is that a true ''ultimate'' bearing capacity of soils is mobilized along the shaft and at the base of the caisson, while in the present nonlinear analysis, the end-bearing capacity of the root caisson is not considered. In Fig. 9b , it can be seen that the applied load is far from the ultimate lateral capacity of the caisson. As the major concern of the lateral loaded caisson is the maximum deflection, the calculated deflection shown in Fig. 9 is seen to be twice as large as the measured values in early load steps, which compares well with the FE analysis. At a load of 16 000 kN, which is the last measured load, the discrepancy between the calculated and measured deflections is only 6%. In contrast with the load-displacement curve for the simple caisson, it is obvious that the presence of roots greatly improves the performance of the caisson. For the vertical loaded caisson, the ultimate load capacity of the root caisson is twice as large as that of the simple caisson. For the lateral loaded caisson, there is no abrupt change on the load-displacement curve while the lateral stiffness of the root caisson is much larger than that of the simple caisson.
For Tests 3, 4, and 5, caissons were connected to a rigid concrete cap 2 m in thickness, such that the caisson head was restrained from rotation and deflection, which is in accordance with the basic assumption of the proposed method. The caisson was 9 m in length and 1.3 m in diameter (d 1 ), the schematic detail of which is shown in Fig. 11 , and each caisson was divided into 35 elements in the calculation. Calculated and measured load-deflection curves for capped caisson groups are shown in Fig. 12 ; the solution curve by FEM for six caissons is also shown in Fig. 12c . The adopted FE mesh for six caissons is shown in Fig. 13 . Reasonable agreement between the calculations by the nonlinear analysis and measurements can be observed for all three caisson group tests. A similar discrepancy also appears now that nonlinear calculations give some overestimation of the deflections of caisson groups during the early steps and the discrepancy becomes smaller with increased load. The calculated deflections are indeed larger than the measured ones in the last few steps of the loading. Taking test 5 for example, the calculated deflection is 228%, as large as the measured one corresponding to a lateral load of 3000 kN; and at the lateral load of 6400 kN (the last measured load), the calculated deflection is only 10% smaller than the measured value. The calculated results by the present method always show good agreement with the FE solutions, with the largest discrepancy being smaller than 15%. In the last load step applied, the calculated stiffness is significantly larger than the measured one.
Conclusions
This paper describes a simplified method for analyzing an anchor foundation with root caissons in layered soils. The reinforcement effect of penetrating roots on improving the soil-caisson interaction is considered by modeling the root as an additional small beam and the nonlinear analysis allows consideration of the consequences of the limiting soil stress on the loaded caisson. The group effect is assessed by considering the responses of the passive caisson subjected to the displacement field induced by the adjacent loaded caissons. With an accurate estimation of the limiting soil stress, it is generally possible to obtain a satisfactory calculation of the responses of anchor foundations with root caissons by the present method. The authors hope this technical paper may give some advantage to design work of deep foundations with respect to reducing construction cost and improving technique.
